Formation of through-silicon-via (TSV) was examined by pressure infiltration of molten Sn into Si via-holes with variations of the infiltration pressure, infiltration time and via-hole size. Contrary to the conventional Cu TSV process which requires complicate and long Cu electroplating, the method using pressure infiltration of molten Sn is fast enough to complete via-filling within 5 s regardless of the via-hole size. The ratio of the unfilled volume to the initial volume of a via-hole versus the external infiltration pressure well satisfied the Boyle's law. TSVs of different diameters in a wide range of 10200 µm could be easily formed at once by infiltration of molten Sn at an external pressure of 4 MPa for 5 s.
Introduction
With rapid progress of the performance improvement of portable electronic products such as smart phones and electronic books, much attention has been focused on the three dimensional integration technology utilizing siliconthrough-vias (TSVs) for applications to chip stack packages, active and passive silicon interposers, and wafer-to-wafer integration. 15) Compared to the wire bonding conventionally used in the 3D IC packaging, the TSV technology has various advantages such as faster electrical signal propagation, reduced power consumption, high packaging density, less footprint and thinner package thickness. 15) TSVs have been usually processed with electroplating of Cu and chemical vapor deposition of Cu or W.
46) However, via-filling with electroplating of Cu requires a long process time and a complicated control of process variables in order to avoid formation of defects in TSVs such as voids and pinch-off. 47) Although various research efforts have been devoted to the development of the methodologies for formation of voidfree Cu vias at high yield, the via-filling process with Cu electroplating has yet been the bottleneck preventing a wide adaptation of the TSV technology due to its long process time and low throughput.
210)
Void-free via formation with Cu electroplating will become more difficult for small-sized via-holes with a high aspect ratio. As the diameter of TSVs for 3D Si integration is much smaller than that of TSVs in chip stack packages, 1) it would be more difficult to apply the Cu TSV technology to 3D Si integration. While a Si cap wafer or a Si substrate for MEMS applications may require TSVs with diameters larger than a few hundred micrometers, 11, 12) formation of such large Cu TSVs will take a very long electroplating time. To overcome such disadvantages of the TSV formation by Cu electroplating, various high-speed TSV processes have been proposed not only by filling with conductive paste, 13) but also by utilizing pressure infiltration or vacuum suction of molten metals. 4, 7, 14, 15) However, details of via-filling behavior have not been reported in the previous works for TSV formation by pressure infiltration of SnZn and BiSnAg alloys. 4, 14) Although the diameter of TSVs for signal propagation does not need to be as large as the diameter of TSVs for power transmission in a 3D package, 1) formation of TSVs with different diameters at once by Cu electroplating would be very difficult in reality.
In this work, we investigated a TSV formation process utilizing pressure infiltration of molten Sn with focusing on the via-filling behavior with variations of the infiltration pressure, infiltration time and via-hole size. Via formation by pressure infiltration of molten Sn is fast enough to complete the via-filling within 5 s regardless of the via-hole size. Also, via-holes of different sizes in a wide range of 10 200 µm could be easily filled simultaneously by pressure infiltration of molten Sn. While we examined the via-filling behavior using molten Sn for experimental simplicity, this TSV process can be easily extended to other metals of low melting temperatures such as lead-free solders and CuSn alloys.
Experimental Procedure
To observe the via-filling behavior with molten Sn, viaholes with different diameters of 10200 µm were formed in a 550 µm-thick Si wafer by using deep reactive ion etching (deep-RIE). For the via-holes with diameters of 20 and 50 µm, the depth and pitch were fixed at 100 and 150 µm, respectively. The depth of via-holes with a diameter of 200 µm was changed to 400 µm. As an insulation layer, a 0.1 µm-thick SiO 2 was formed on the surface of the Si wafer and via-holes by using dry oxidation method. Subsequently, 0.1 µm-thick Ti and 2 µm-thick Cu films were sputterdeposited on the surface of via-holes. To prevent severe interaction between Cu and molten Sn, an 1 µm-thick Ni was electroplated on the Ti/Cu at a current density of 2.5 mA/cm 2 for 1 h, forming a Ti/Cu/Ni reaction layer on the surface of via-holes. Figure 1 shows the schematic illustration of the autoclave used for via-filling by using pressure infiltration of molten Sn. In order to enable pulling out a specimen from the Sn melt after via-filling with maintaining an applied external pressure, a special pressure balancing assembly rod was fabricated and equipped to the autoclave. A heater was installed only at the bottom part of the autoclave chamber in order to cool a via-filled specimen quickly after pulling it out of the Sn melt. Sn granules were charged in the autoclave crucible and melted at 300°C. A via-hole specimen was fixed at the holder attached to the pressure balancing assembly rod and dipped into the Sn melt bath at the atmospheric pressure of 0.1 MPa for 20 s. Then an external pressure ranging from 0.1 to 4 MPa was applied by introducing N 2 gas to the autoclave chamber. The external pressure of 0.1 MPa was the same as the atmospheric pressure, and in that case we did not blow N 2 gas into the autoclave chamber. The time to reach a desired pressure up to 4 MPa was 1015 s. A via-hole specimen was kept in the Sn melt bath for 5 s to 30 min, pulled out of the Sn melt bath, and cooled down for 10 min to a temperature below the Sn melting point with maintaining the N 2 gas pressure. The via-filling behavior of the molten Sn was characterized by using scanning electron microscopy (SEM) after cross-sectioning via-filled specimens processed at various infiltration pressure and time. Figure 2 illustrates the Sn vias of 50 µm-diameter formed by filling molten Sn into via-holes, for which the Ti/Cu/Ni reaction layer was not formed, for 5 s at various external pressures. Without the Ti/Cu/Ni reaction layer on the surface of via holes, as shown in Fig. 2(a) , the surface tension of the molten Sn and its non-wetting characteristics to the Si prevented flowing of molten Sn into via-holes completely at an external pressure of 0.1 MPa, i.e., at the atmospheric pressure. For infiltration of a liquid metal into an open capillary tube of radius r, shown in Fig. 3 , the free energy change dG can be expressed as eq. (1). 16, 17) 
Results and Discussion
Using eq. (1) and Young's relation, a critical external pressure for infiltration of a liquid metal into an open capillary tube, P cr , can be expressed as eq. (2).
In eqs. (1) and (2), P m and P air are the external pressure applied to the melt and the air pressure, V m and V air are the volume of the capillary occupied by the melt and air, A m and A air are the surface area of the capillary contacted by the melt and air, respectively. In eqs. (1) and (2), £ mv , £ sm and £ sv are the surface tensions between the melt and air, between the capillary wall and melt, and the capillary wall and air, respectively, and ª is the wetting angle of the melt to the capillary wall. The surface tension of molten Sn is 565 mN/m at 300°C, 18, 19) and the wetting angle ª is measured as 150°f or the via-holes without the Ti/Cu/Ni reaction layer in Fig. 2 . Thus, a critical external pressure for infiltration of Sn melt into a via-hole without the Ti/Cu/Ni layer, if it is an open capillary of 50 µm-diameter, is calculated as 0.14 MPa. The filling depth x with an external infiltration pressure P m for an infiltration time t can be expressed as eq. (3), where © is the dynamic viscosity of the infiltrated melt. Formation of Through-Silicon-Vias Using Pressure Infiltration of Molten Tin
The dynamic viscosity of Sn melt is 1.5 mPa·s at 300°C. 20) The filling depth of Sn melt infiltrated for 5 s into a Si viahole of 25 µm-radius, if it is an open capillary, at external pressures of 0.3, 0.5, 1 and 2 MPa would be estimated as 0.29, 0.43, 0.67 and 0.98 m, respectively. However, the length of the Sn via actually formed at each external pressure of 0.3, 0.5, 1 and 2 MPa was much shorter than the filling depth x estimated by eq. (3), and an unfilled space still remained even at a filling pressure of 2 MPa. As shown in Fig. 4(a) , the via-holes with the Ti/Cu/Ni reaction layer were partially filled with the molten Sn even at an external pressure of 0.1 MPa, i.e., at the atmospheric pressure. Such behavior could be attributed to the fact that the wetting force of molten Sn to the Ni of the Ti/Cu/Ni reaction layer is stronger than the surface tension of molten Sn, which could be proved by the concaved meniscus of the partially filled Sn. With the wetting angle ª of 30°, shown in Fig. 4(a) , a critical external pressure evaluated using eq. (2) is even smaller than P air , meaning that the Sn melt would spontaneously fill into a via-hole, if it is an open capillary, even without applying an external pressure. As shown in Fig. 4 , however, the filling depths of molten Sn into via-holes with the Ti/Cu/Ni layer were almost identical to those in Fig. 2 at the same external pressure and an unfilled space still remained even at external pressures of 2 and 4 MPa.
The discrepancy between the actual Sn filling behavior observed in Figs. 2 and 4 with one estimated by eqs. (2) and (3) is attributed to the fact that the via-hole is not an open capillary, but a closed one. When a via-hole specimen is dipped in the Sn melt and molten Sn flows into a via-hole by applying an external pressure, the air in a via-hole can not be released from a via-hole, but is trapped and compressed within a via-hole. Once the air pressure compressed in the unfilled volume of a via-hole reaches to the external pressure, the molten Sn can not flow into the via-hole any further. Then the Boyle's law exists between the remaining unfilled volume of a via-hole and the air pressure built in the unfilled volume.
In eq. (4), V i and V u are the initial volume and the remaining unfilled volume of a via-hole, P i is the initial air pressure in a via-hole before Sn filling, i.e., the atmospheric pressure of 0.1 MPa, and P u is the compressed air pressure in the unfilled volume that is at equilibrium with the external infiltration pressure P m . For the via-holes with and without the Ti/Cu/Ni reaction layer, the ratio of the unfilled volume to the initial volume is plotted in Fig. 5 as a function of the external infiltration pressure, which well satisfies the Boyle's law regardless of the presence of the Ti/Cu/Ni reaction layer. As shown in Fig. 6 , however, Sn through-vias of 200 µm-diameter happened to be pulled off spontaneously from the Ti/Cu/Ni-untreated via-holes in a Si substrate during sonic cleaning process after wafer thinning, implying the necessity of the Ti/Cu/Ni reaction layer. While the unfilled volume V u is reduced with increasing an external pressure P m , application of too much external pressure makes the compressed air pressure in the unfilled volume, P u , reach to a critical value for cracking of a Si substrate. Figure 7 shows such an example of crack propagation into a Si substrate in a specimen for which the pressure infiltration was performed at an external pressure of 8 MPa. It should be noted that all the work in this study was done with pure tin for experimental simplicity except the result in Fig. 7 which was obtained with the Sn3Cu solder. Based on the result in Fig. 7 , it would be reasonable to expect that a Si wafer is also cracked if pure tin is infiltrated at an external pressure of 8 MPa. To prevent the fracture of a Si substrate, thus, we limited an external infiltration pressure below 4 MPa in this study. In order to confirm that the air pressure built in the unfilled volume of a via-hole reaches to the external pressure within 5 s, via-hole specimens for which the Ti/Cu/Ni layer was treated were maintained in the Sn melt for 5 s, 5 min and 30 min with applying an external pressure of 0.5 MPa. As shown in Fig. 8 , the lengths of the Sn vias, i.e., the filling depths of the molten Sn, were almost identical regardless of the duration time of an external pressure, implying that the infiltration time of 5 s is long enough to form Sn vias of a desired length. While a long electroplating time for Cu via-filling is one of the major drawbacks for the Cu TSV technology, 4,7,10) a short infiltration time of 5 s can be definitely an advantage of the TSV formation process using pressure infiltration of molten Sn.
Figures 9 and 10 illustrate the Sn vias of 20 µm-diameter and 200 µm-diameter, respectively, formed by filling molten Sn for 5 s at external pressures of 0.1, 0.5 and 2 MPa. In Fig. 11 , the ratios of the unfilled volume to the initial volume, V u /V i , for via-holes of 20 µm-diameter and 200 µm-diameter are compared with those for via-holes of 50 µm-diameter as a function of the infiltration pressure. Although the diameter and the depth of via-holes changed in wide ranges of 20200 and 90400 µm, respectively, the values of the V u /V i ratio became very similar at the same infiltration pressure without depending upon the diameter and the depth of via-holes, confirming that the infiltration pressure is the most important factor determining the Sn-filling behavior. At the atmospheric pressure of 0.1 MPa, Sn-filling into a via-hole with the Ti/ Cu/Ni reaction layer occurs by a capillary force which is inversely proportional to the radius of a via-hole. Thus, the unfilled volume V u at the atmospheric pressure should be the smallest for via-holes of 20 µm-diameter, compared to those for via-holes of 50 µm-diameter and 200 µm-diameter. In Fig. 11 , however, the unfilled volume V u at the atmospheric pressure of 0.1 MPa became the largest for via-holes of 20 µm-diameter. This could be due to the formation of intermetallic compounds by interaction between the Ti/ Cu/Ni reaction layer and the molten Sn. 21) As the same 100 m µ Formation of Through-Silicon-Vias Using Pressure Infiltration of Molten Tininfiltration time was kept without depending upon the viahole diameter, the thickness of the intermetallic compound layer formed at the via sidewall by reaction of the Sn melt with the Ti/Cu/Ni was identical. Then, the via-hole opening of 20 µm-diameter smaller than those of 50 µm and 200 µm-diameters could be more easily clogged by intermetallic compounds formed at the via sidewall, resulting in shorter Sn-filling depth for via-holes of 20 µm-diameter. In a chip stack package utilizing the TSV technology, the diameter of TSVs for signal propagation does not need to be as large as the diameter of TSVs for power transmission. 1) However, simultaneous formation of TSVs with different diameters at once by Cu electroplating is very difficult, inhibiting realization of a high-density TSV structure. Figure 12 illustrates the Sn vias of a diameter ranging from 10 to 200 µm simultaneously formed at once by infiltration of the molten Sn at an external pressure of 4 MPa for 5 s. Contrary to the conventional Cu TSV technology, thus, a high-density chip stack structure consisting of signal TSVs of smaller diameter and power TSVs of larger diameter would be easily feasible with the TSV formation process utilizing the pressure infiltration of a molten metal. As shown in Figs. 4 and 12, an unfilled space still remained in via-holes even at an external pressure of 4 MPa due to the air trapped and compressed in via-holes. Complete filling of via-holes without such an unfilled space can be achieved by evacuating the air in the via-holes before infiltration. Removing the air in via-holes, especially of a small diameter and a high aspect ratio, needs a long vacuumsuction time and seriously shadows an advantage of fast processing time of the pressure infiltration method. Rather, TSVs can be formed by removing the unfilled space in viaholes by backside grinding and this will much shorten the overall process time for TSV formation with elimination of a long vacuum-suction before infiltration.
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Conclusion
To avoid drawbacks of the TSV technology using Cu electroplating, we investigated a new TSV formation process utilizing pressure infiltration of molten Sn. Contrary to the conventional Cu TSV process for which long and complicate Cu electrodeposition is required, via-holes could be filled with molten Sn completely within 5 s by applying an external infiltration pressure above 2 MPa. As the via-holes formed in a Si substrate were not open capillaries, but closed ones, the ratio of the unfilled volume to the initial volume of a via-hole versus the external infiltration pressure well satisfied the Boyle's law. The Sn-filling depth was very similar at the same infiltration pressure for via-holes of different diameters and was not changed with increasing the infiltration time from 5 s to 30 min, indicating that the external infiltration pressure was the most important factor determining the Sn- Formation of Through-Silicon-Vias Using Pressure Infiltration of Molten Tin
